Background: Aerodynamic forces provide the primary means of distributing aerosol medications within the lungs. Partial airway obstructions can limit both air flow and aerosol penetration into diseased zones. We hypothesize that low surface tension additives may help to disperse aerosol medications after deposition in the airways, improving dose uniformity and drug delivery to underventilated regions. To test this, we performed a pilot scintigraphy study of surfactant and saline deposition and postdeposition dispersion. Methods: Because inhaled antibiotics for cystic fibrosis provide an example of where self-dispersing medications may be useful, we administered calfactant and saline aerosols with added Technetium 99m sulfur colloid (Tc-SC; 100 nm filtered) on different days in randomized order to eight cystic fibrosis (CF) subjects (average FEV 1 %, p = 85 -12%). Nebulized delivery was matched (similar aerosol sizes and volume delivery rates, fixed breathing patterns). Tc-SC distribution in the lungs was imaged continuously for 30 min after delivery. Results: Both aerosols were well tolerated. Aerosol distribution was mostly peripheral (58/42%) and initially similar for saline and surfactant. Changes in whole lung counts after 30 min were also similar. Peripheral lung activity decreased more rapidly on average with calfactant though the difference versus saline was not statistically significant. Central to peripheral count ratio decreased with saline and increased with calfactant and c/p changes approached significance ( -0.05 -0.16 vs. 0.10 -0.10; p = 0.07 Wilcoxon). Conclusions: Our results lack statistical significance, but suggest that inhaled calfactant increased peripheral clearance, due to either surfactant-based dispersion or mucociliary effects. Further studies are needed to define the potential for low surface tension carriers to improve drug delivery.
Introduction
A erodynamic forces provide the primary means of distributing aerosol medications within the lungs. The relationships between air flows, aerosol mechanics, and aerosol deposition, which are well characterized in healthy lungs, become more complex in the setting of lung disease. Obstructive lung diseases can cause significant airflow heterogeneity, and partial airway obstructions can limit both air flow and aerosol penetration into diseased zones. The mechanics of aerosol deposition may also be affected by partial obstructions. Airway surfaces incident to high-velocity airflows through sites of partial obstruction may act as inertial filters causing significant drug deposition in localized regions. Other more complex flow phenomena associated with airway heterogeneity such as increased turbulence or secondary flows may also contribute to poor aerosol penetration to sites of disease.
Mechanisms beyond aerodynamic forces that would further disperse aerosol medications in the lung either before or after deposition might be useful for improving dose uniformity and increasing drug penetration beyond sites of disease.
We hypothesized that surface tension gradients might provide a mechanism that would disperse inhaled medications over airway surfaces after deposition. Liquids deposited on airway surfaces will spread along surface tension gradients based on capillary forces. Depending on the liquid/airway surface interfacial tension, low surface tension liquids may spontaneously spread over airway surfaces providing a driving force that could be used to disperse active drug away from sites of heavy deposition. The use of low surface tension surfactant carriers has been previously shown to induce such dispersion on model airway surfaces in vitro, including human bronchial epithelial cell cultures and model mucus surfaces. (1, 2) Similar surface tension induced flows have been described in the function of surfactant replacement therapies. These low surface tension fluids are delivered to infants as intratracheal instillations and must be transported to the peripheral lung in order to provide a therapeutic effect. (3) In animal models, instilled low surface tension carrier fluids have been shown to improve pulmonary drug distribution, (4) provide more consistent peripheral lung dosing, (5) and increase survival in a model of pulmonary infection (when an antibiotic was administered with a surfactant carrier versus antibiotic alone or surfactant alone). (6) Less research has been done on the use of low surface tension carriers in aerosols-a more practical delivery route for most patient groups. One example is that atovaquone aerosolized with a synthetic surfactant was shown to provide increased alveolar drug concentrations versus drug solution without surfactant in an immunosuppressed rat model of Pneumocystis pneumonia. The atovaquone/surfactant combination also increased the eradication of Pneumocystis. However, surfactant alone was also shown to provide benefit in these studies, making it difficult to determine whether the benefits of the surfactant/drug combination were related to dispersion. (7) The inhaled antibiotics used to prevent and treat the airway infections associated with cystic fibrosis (CF) lung disease are an example of where an optimized self-dispersing aerosol carrier might provide improved overall drug performance. These treatments deliver substantial drug concentrations to the airways that often effectively suppress but rarely eradicate infection. (8, 9) Drug resistance has also been associated with these therapies. (10) Elements of airway obstruction such as mucus accumulation/plugging and bronchiectasis are common in CF and may limit aerosol penetration to some sites of infection in the airways, and a self-dispersing inhaled antibiotic may prove to be more effective in reaching a larger portion of the airway tree and thereby increase the chances of eradicating infection.
We envision two possible modes of surface tension driven dispersion in the lungs: (1) a rapid dispersion phase that occurs immediately after deposition, spreading drug from sites of high carrier concentration (i.e., deposition hot spots) with low surface tension to nearby areas with lower carrier concentration and higher surface tension, and (2) a slower continuous dispersion phase that is driven by cyclic changes in airway surface area associated with respiration. Small airways experience the largest changes in surface area during respiration (approximately 50% vs. 33% in medium, and 19% in large airways (11) ). Low surface tension carriers deposited in the airways may experience changes in concentration as the airways expand and contract. This cycling of surface tension gradients may result in a slower, continual disper-sion that could ultimately transport active drug over substantial distances, though this has yet to be demonstrated.
Many factors may affect the extent of drug dispersion after aerosol delivery, and an imaging method for depicting dispersion in the lungs would be useful for proof of principle and ultimate therapeutic development. Here we have utilized a radioscintigraphy method to track the deposition and redistribution of an inhaled drug analog delivered to CF patients in a low-surface tension carrier. The infant surfactant replacement therapy calfactant was utilized and paired lung distribution comparisons were made with a size-matched saline aerosol control. Imaging was performed for 30 min after aerosol delivery.
Materials and Methods

Preclinical aerosol characterization
In order to compare the postdeposition dispersion of the surfactant and saline aerosols, similar initial deposition patterns had to be established. To accomplish this, calfactant and saline had to be delivered using similarly sized aerosols and volume delivery rates, and fixed breathing patterns. The aerosol delivery system for calfactant also had to effectively and efficiently deliver the surfactant suspension. A series of medical nebulizers was tested in order to find a combination suitable for the studies. Aerosol size measurements were performed using a laser diffraction instrument (Malvern MasterSizer S, Malvern Instruments, Worcestershire, UK). The instrument measures volume median diameter (VMD) and conversions to mass median aerodynamic diameter (MMAD) were made based on the formula MMAD = SQRT (VMD 2 * q). (12) The density (q) of calfactant is 1.044 g/mL. Size measurements were performed once per minute during the 15-min delivery period. Measurements were made in open air within 2 cm of the device mouthpiece without a subject in place. Volume delivery rate and surfactant output were determined through treatment simulations performed using a Harvard Lung respirator as a breathing simulator (Harvard Apparatus, Holliston, MA). HEPA filters were used to capture the inhaled dose of both aerosols (Gibeck HEPA Filters, Hudson RCI, Durham, NC). The filters used to collect the calfactant were dried overnight in a 45°C oven, so that actual (dry) calfactant mass could be assessed. Delivered volume was then calculated based on the label concentration of solids in the suspension (44.7 mg/mL). The wet mass of the saline filters was used to estimate volume output for those cases. Three complete studies with each solution were included in all sizing and output measurements.
Study population and general study procedures
Eight subjects with cystic fibrosis were included in the study. Subjects were required to be 18 years of age or older and have a 1-sec forced expiratory volume percent of predicted (FEV 1 % p) ‡ 60% to enroll. Subjects with recent exacerbations or recent declines in FEV 1 ( > 15%) were excluded. Female subjects performed pregnancy testing on all study days and were excluded with a positive result. All subjects performed a prestudy RAST (radioallergosorbent) test to screen for allergy to bovine serum albumin (BSA). Subjects completed two study days separated by 5-14 days. On one study day subjects inhaled calfactant and on the other they inhaled saline. The order was randomized in a single block. Subjects performed pulmonary function testing at the beginning and end of both testing days as a safety measure. The study was approved by the University of Pittsburgh Institutional Review Board and was registered on clinicaltrials.gov (NCT00628134).
Aerosol delivery, radiopharmaceutical dosing, and imaging
Based on prestudy aerosol measurements, the Hudson Updraft nebulizer (Hudson RCI, Durham, NC) was selected for delivery of both the saline and calfactant aerosols. A DeVilbiss 8650D compressor (DeVilbiss, Somerset, PA) was utilized and set at 40 psi for both liquids. Calfactant treatments included a 5-mL loaded dose that was delivered for 15 min. Two different nebulizers were used to deliver the saline treatment-one for the first 10 min and the other for the last 5 min, each containing 5 mL of normal saline. Total volume output of the liquids was matched when this combination was used. The nonabsorbable (13) radiopharmaceutical Technetium-99m sulfur colloid (Tc-SC) was utilized as a drug analog in these experiments and was delivered in the saline and calfactant carriers. The 100-nm filtered version of Tc-SC was used to ensure a more consistent product for assessing transport. Previous in vitro studies had demonstrated surface tension driven dispersion of similarly sized particles. (1) Particle size ranges for unfiltered Tc-SC have been reported to be in the range of 100-1000 nm with a mean size of 300 nm. (14) The Tc-SC doses added to each nebulizer were determined during preclinical studies to provide approximately similar total delivered radiopharmaceutical doses. A Tc-SC dose of 74 MBq (2 mCi) (in a minimum saline volume < 1 mL) was added to the 5-mL of calfactant. Tc-SC doses of 111 MBq (3 mCi) were added to each saline nebulizer. Subjects inhaled the therapies using a set breathing pattern intended to deposit aerosol in both central and peripheral lung zones. Specifically, a metronome was used to establish 2-sec inhalations followed by 3-sec exhalations, and a pneumotach with visual indication was used to target an inhalation flow rate of 0.4 LPS (Spira Dosimeter). After aerosol delivery, subjects laid supine while 30-sec gamma camera images (256 · 256 pixels, anterior and posterior) were collected once per minute for 30 min. Subjects then performed Xenon-133 inhalation and equilibrium images were collected to depict the lung perimeter.
Analysis and statistics
Image analysis was performed by a blinded investigator using Image J (NIH, Bethesda, MD). Posterior images of the right lung were used for primary analysis. Equilibrium Xenon-133 ventilation images were used to generate regions of interest (ROI) depicting the whole lung perimeter. The ROI was transferred to the Tc-SC images in order to determine whole lung radioactive counts at each time point during the imaging period. A central lung zone ROI was defined as a rectangle with one-half the height and one-half the width of a rectangle surrounding the whole lung region. Central lung counts were determined by placing this ROI at the medial lung border at approximately mid-height. The peripheral zone was defined as the difference between the whole and central lung ROIs. Radioactive counts in whole, central, and peripheral lung zones were assessed in each of the 30 images. Counts were corrected for background and radioactive decay. Whole lung clearance was assessed over 30 min for the saline and calfactant aerosols. The distribution of the Tc-SC drug analog within the lung was considered in terms of: (1) central and peripheral percentages of whole lung starting counts, (2) central to peripheral count ratio (c/p), and (3) coefficient of variation (CV), which here represents the standard deviation/mean of the individual pixel count values contained within the whole lung zone. Here the c/p ratio is based on Technetium counts and has not been normalized. Measured values of the variables were compared at t = 0 and 30 min. Changes in the variables over 30 min were also compared. Because all subjects inhaled both the saline and surfactant aerosols, all statistical comparisons were paired. The nonparametric Wilcoxon signed rank test was utilized for hypothesis testing (Stata, College Station, TX).
Results
Preclinical aerosol characterization
Aerosol size was screened in a series of nebulizers delivering both saline and calfactant. Most devices delivered the liquids in very different aerosol sizes likely due to differences in their surface tension. Surface tension is an important factor in liquid atomization (15) and would be anticipated to affect aerosol size. However, the multiple atomization and aerosol conveyance stages contained within nebulizers make it difficult to predict their ultimate performance. The Hudson Updraft delivered the calfactant and saline aerosols in similar sizes consistently over the course of a treatment. The average dry mass of calfactant collected on inhalation filters used in simulations of a 15-min treatment was 86 -27 mg (n = 3). Based on label content, each milliliter of the calfactant suspension includes 35 mg of surfactant phospholipids, 0.7 mg of surfactant proteins, and 9 mg of salt (44.7 mg total). A 5-mL volume would therefore contain 224 mg and we can assume that approximately 39% of loaded mass (86 mg/ 224 mg) and volume (1.93 -0.61 mL) was delivered on average. The total volume of liquid delivered from a single nebulizer treatment was different for saline and calfactant. Total saline output was less, based on increased losses within the device associated with liquid collecting in large droplets on the inside of the nebulizer reservoir. Calfactant, likely due to its lower surface tension, did not collect in this manner and therefore more calfactant volume was available for delivery. Total volume output for saline and calfactant was matched during the imaging studies by using two sequential saline nebulizer treatments-one for 10 min and a second for 5 min-from two different Updraft nebulizers, both loaded with 5 mL of saline. The average total saline volume delivered using this method was 2.03 -0.18 mL. Table 1 includes demographic and pulmonary function information on the study subjects. All RAST screening tests for allergy to bovine serum albumin were negative. Pulmonary function was similar for each subject at the start of both study days (average FEV 1 difference: 1.9%, maximum difference: 3.7%). Pulmonary function changes as assessed between the beginning and end of the study days were similar with the saline and calfactant aerosols (average % change in FEV 1 : -1.9 -7.5%, range: -17.8% to + 5.7% for saline; -1.3 -3.6%, range -7.7% to + 3.9% for calfactant; p = 0.73 by Wilcoxon). No adverse events were associated with the study aerosols. Table 2 includes Tc-SC distribution data for individual subjects at the beginning and end of the imaging period: t = 0 and t = 30 min. Thirty minute changes in these values are also reported and compared. Regional dosing data is reported as a percentage of whole lung starting counts.
Subject characteristics and pulmonary function
Imaging analysis results
Distribution at the start of the imaging period (t = 0) was very similar with calfactant and saline. The majority of the radioactivity associated with the Tc-SC was found in the peripheral lung zones (58% on average for both calfactant and saline); however, there was also significant Tc-SC activity in the central lung zones as well (42%). CV was also well matched for the aerosols at t = 0. Whole lung activity decreased with both calfactant and saline as might be anticipated based on mucociliary clearance. Whole lung clearance rates were similar (*8% h, p = 0.78). As shown in Figure  2 , central lung radioactive counts remained generally unchanged over the imaging period after calfactant delivery while more typical decreases were seen after saline delivery. Tc-SC is nonabsorbable (13) and whole lung mucociliary clearance of the particulate must occur through the large airways in the central lung zone. The fact that whole lung counts are decreasing in the calfactant case while central counts remain unchanged indicates that peripheral to central lung transport is occurring at a rate that matches the mucociliary clearance rate, resulting in a zero net change in central lung counts over time. Our method calculates peripheral lung counts based on the difference between whole and central lung counts and consequently, on average, our results illustrate this increased transport of material from the peripheral zone with calfactant; however, comparisons with saline do not reveal significant differences.
Changes in c/p ratio over the course of the imaging period are shown in Figure 3 . C/P ratio is a commonly used measurement of pulmonary drug distribution. After saline delivery, central lung counts decrease, presumably due to Values at the beginning and end of a 30-min postdelivery imaging period are reported. Regional lung doses are expressed as a percentage of whole lung counts at the start of the imaging period. Wilcoxon matched-pairs signed-ranks test was used for comparisons. All meanstandard deviation. mucociliary clearance, while peripheral lung counts are more static, resulting on average in a decreasing c/p ratio. After calfactant delivery, central lung counts remain relatively static while peripheral lung counts decrease, resulting in significant increases in c/p ratio by t = 30 min. By the end of the imaging period differences between saline and surfactant distribution approach significance in comparisons utilizing c/p ratio. The CV considers the regularity of counts over the entire right lung region without the consideration of specific zones. Although the normal variation of this variable over a 30-min period is difficult to predict, our results indicate similar changes with both calfactant and saline.
Discussion
Methods for increasing the dispersion of inhaled medications within the lung could improve dose uniformity and deliver drug to more sites of disease. Low surface tension carriers might provide such dispersion through the generation of surface tension driven flows in the airways after aerosol deposition. In this study, we utilized scintigraphy techniques and radiolabeled Tc-SC particles as a drug analog to track the postdeposition dispersion associated with saline and surfactant aerosols. Using these techniques we sought evidence of surface tension driven flows in the lungs after the delivery of calfactant-a low surface tension surfactant replacement therapy.
Our study design utilized a crossover design whereby subjects inhaled calfactant and saline aerosols on different days. It was essential that the initial deposition patterns of the two aerosols be identical so that the effects of postdeposition dispersion could be uniquely identified. We performed a series of bench tests with different nebulizers and were able to define delivery systems for calfactant and saline that provided matched aerosol sizes and volume delivery rates. The Hudson Updraft delivered the liquids with similar aerosol sizes, whereas many other nebulizers did not. The device also effectively delivered the suspended surfactant without foaming. There was more residual volume loss within the nebulizer with saline compared to calfactant. These residual losses eventually limited the volume of saline available for delivery, so two successive nebulizer administrations were used to match the total volume delivered.
Our image analysis technique compared the distribution of radiolabeled Tc-SC particles in the lung over a 30-min period after the particles were delivered in saline or calfactant. We hypothesized that surface tension driven dispersion might occur through two possible modes: (1) a rapid dispersion phase occurring immediately after aerosol deposition and (2) a slower dispersion phase, related to the expansion and contraction of the lungs, occurring over an extended period after delivery. In terms of rapid dispersion, the study demonstrated similar distribution of the Tc-SC particles between central and peripheral lung zones after delivery with saline and calfactant (at t = 0). Measurements of CV, which assesses dosing heterogeneity across the whole lung without regard to zone, were also similar at t = 0, indicating matched deposition and a lack of any detectable rapid dispersion.
In terms of assessing dispersion over a longer time frame, changes in whole lung activity over the 30-min imaging period were similar for calfactant and saline, with approximately 8% clearance of the Tc-SC from the lung occurring with both aerosols. There was an average decrease in central lung counts after saline delivery, as would be anticipated based on normal mucociliary clearance. However, with calfactant the counts in this zone were on average unchanged over the imaging period. These trends were consistent across multiple calculation methods, and approached statistical significance. With saline, five of eight subjects demonstrated a decrease of 1 SD or more in central lung count percentage over 30 min compared to zero of eight subjects with calfactant. All activity leaving the whole lung compartment must exit through the large airways of the central lung zone; therefore, a zero change in central lung counts implies that Tc-SC entered into the central zone from the peripheral zone at the same rate at which it was cleared from the lung by mucociliary clearance. Because our method calculates peripheral counts as the difference between whole and central lung counts, our results reflect this increased transport from 
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the peripheral zone with calfactant. Similarly, measurements of the c/p ratio indicate opposite trends with calfactant and saline, although with significant variability. Mucociliary clearance (as demonstrated by saline delivery) would result in a continually decreasing ratio of central to peripheral lung counts (c/p ratio) as Tc-SC is cleared rapidly from the heavily ciliated large airways in the central lung zone and more slowly from the smaller, less ciliated airways of the peripheral lung. After calfactant delivery the opposite trend is demonstrated. We speculate that peripherally deposited calfactant may have generated surface tension gradients that, when augmented by changes in small airway surface area, transported Tc-SC from the peripheral toward the central zone, effectively increasing peripheral lung clearance. Alternately, calfactant effects on mucociliary clearance may have also caused the reported differences. Restored mucociliary clearance has been previously demonstrated after calfactant instillation onto fluid-depleted tracheal models. (16) Normal baseline mucociliary clearance, of course, is not guaranteed in CF. Defects in mucociliary clearance in CF have been reported in some studies and not in others. (17, 18) Ultimately, although the transport patterns after calfactant delivery appear to differ from those of saline, the data from this limited sample size approaches but does not reach statistical significance, preventing any definitive conclusions.
Longer imaging periods will be utilized in future studies to better illustrate this extended dispersion period.
In terms of study limitations, breathing controls were utilized to ensure consistent inter-and intrasubject deposition patterns. We had anticipated a tendency toward more central deposition in this population of CF subjects (c/p > 1) based on previous observations, and had used a slower breathing pattern (2-sec inhalation at 0.4 LPS followed by a 3-sec exhalation) to deliver Tc-SC in sufficient quantity to both peripheral and central zones. This delivery method resulted in more peripheral distribution than was anticipated (c/p = 0.72), likely based on the well maintained pulmonary function and limited obstruction of the subject group. Sufficient Tc-Sc activity was present to allow for transport in both zones to be quantified; however, the more peripheral deposition pattern likely affected the location and quantity of deposited calfactant available to cause transport. In previous in vitro airway models, calfactant promoted 16-20-fold increases in treated area when deposited at a surface concentration of *0.7 mg/cm 2 . (1) Based on in vitro measurements of delivered dose and in vivo distribution data we can estimate that *36 mg of calfactant was delivered to the central airways. If this dose was uniformly distributed over the surface area associated with the first four generations of airways within the lung (*100 cm 2 ), (19) surface concentration in the large airways would be *0.4 mg/cm 2 . The inclusion of subjects with more significant obstruction, or the use of aerosol delivery techniques to promote the central deposition patterns associated with obstruction might have provided a different result. More generally, better information is needed on the critical volumes and concentrations of low surface tension carriers required to induce dispersion. More detailed imaging techniques might allow for a better examination of specific deposition sites within the lung. Techniques providing coincident imaging of anatomy would be particularly useful. Our study was also limited by small numbers. Both the imaging techniques and the application of inhaled cal-factant required pilot study. A bovine-derived surfactant replacement therapy was selected for this proof of principle study based on its known low surface tension, positive performance in in vitro models, and availability in an FDAapproved form. No instances of allergy or significant bronchoconstriction were associated with the single calfactant administration in this study. Ultimately we believe that synthetic agents will prove to be more practical carriers for promoting dispersion based on their availability and decreased potential for immunogenicity. Our on-going in vitro studies of dispersion may provide a more informed selection of a carrier for future studies. Tc-SC, a particle with a diameter of approximately 100 nm, was used as a drug analog in this proof of principle study to eliminate potential confounding effects associated with absorption. Previous in vitro studies had demonstrated similar dispersion of 100-nm fluorescent particles and a small molecule dye; (1) however, the surface transport of a small molecule antibiotic could be substantially different from that of a Tc-SC particle. Macrophage uptake of the Tc-SC may have also confounded our attempts to measure transport. Because the aerosolized particulate was delivered throughout the lung this could include uptake by alveolar macrophages. It has been proposed that some components of pulmonary surfactant may opsonize particulate in the lungs resulting in increased uptake, (20) potentially affecting Tc-SC uptake when delivered in calfactant.
Although the current studies did not definitively demonstrate surface tension driven flows in the lung, they identified several differences in the post deposition behavior of surfactant and saline aerosols that could provide the basis for future studies with optimized carriers. The question of whether an optimized self-dispersing carrier can be used to significantly improve the distribution and performance of inhaled medications remains open, although the evidence from in vitro and animal studies provides substantial optimism. In addition, this study supports the safety of inhaled surfactant preparations, as suggested by one prior pilot study in CF. (21) The codevelopment of scintigraphy techniques for depicting this unique biophysical mechanism of action will provide a means of testing and proving improved distribution ahead of any studies of efficacy. Such translational imaging techniques can facilitate the development of new therapeutics by allowing for rapid proof of principle and developmental refinement within small subject groups ahead of major clinical trials.
